Background: BRCA1/BRCA2 germ line (GL) mutation carriers with pancreatic adenocarcinoma (PDAC) may have distinct outcomes. We recently described an apparent more favourable prognosis of surgically resected BRCA-associated PDAC patients in a single-arm, uncontrolled, retrospective study. However, the prognostic impact of GL BRCA1/2 mutations in surgically resected PDAC has not been compared with a matched control population.
Somatic genomic analysis has identified four specific subtypes of pancreatic adenocarcinoma (PDAC): stable, locally rearranged, scattered and unstable (Biankin and Maitra, 2015) . The unstable subtype is associated with inactivation of DNA damage homologous repair genes: BRCA1, BRCA2 or PALB2 exhibiting a unique mutational signature reflecting DNA damage repair deficiency and reportedly displaying platinum sensitivity.
In an estimated 5% of PDAC, germ line (GL) BRCA mutation can be detected (Easton et al, 1996) , with higher rates in Ashkenazi Jewish PDAC patients (10-15%), an ethnic group where one of three predominant mutations in BRCA1 (185delAG, 5382InsC) and BRCA2 (6174delT) can be detected in 2.5% of the general population and in the majority of high-risk breast/ovarian cancer families (Oddoux et al, 1996; Roa et al, 1996) .
In our previous retrospective analysis of BRCA-associated PDAC (n ¼ 71 patients at stages I-IV), an improved overall survival (OS) was noted with platinum-based agents compared with other chemotherapeutic modalities. The median OS for patients with stage I/II disease had not been reached at 60 months when the data were retrieved, and the median OS for stage III/IV was 12 months (95% CI 6-15) (Golan et al, 2014) . These results suggested that BRCA mutation status is a favourable prognostic marker in earlystage disease and that BRCA-associated PDAC patients may benefit from the addition of platinum agents to standard therapy. However, one major limitation of that study was the lack of an institutional control population. The purpose of this study was to investigate the impact of GL BRCA1 and BRCA2 mutations on natural history in patients with early-stage PDAC, using a larger cohort of genetically characterised and clinically annotated patients.
MATERIALS AND METHODS
Patient identification and data collection. A multi-centre casecontrol retrospective analysis was performed with eligible cases identified from six participating institutions: Rambam Medical Institute, Haifa; Princess Margaret Cancer Centre, Toronto, Ontario; Memorial Sloan Kettering Cancer Center (MSKCC), New York; MD Anderson (MDACC), Houston; The University of Chicago Medicine, Chicago and Sheba Medical Center, Tel Hashomer. 'Cases' were defined as patients diagnosed between January 2004 to December 2013 with surgically resectable stage I or II PDAC with pathogenic GL BRCA1/2 mutations. Controls were patients diagnosed with PDAC during the same time period in the same institutions who were either BRCA GL mutation noncarriers, or who had no discernable personal or family history of breast, ovarian or PDAC. Data retrieved included demographics, clinical history, family history of cancer, past surgical procedures specifically pertaining to PDAC, type of systemic chemotherapy and response to treatment. Clinical stage (based on pathology report) was classified according to the seventh edition of the American Joint Committee on Cancer staging criteria (Edge and Compton, 2010) . We attempted to match each case with two institutional control patients with similar stage, age, ethnicity and therapy. In case the participating institution lacked a control population fulfilling all the matching criteria, preference was given to stage-based matching. The institutional review board of each participating institute approved this study.
Germ line BRCA mutation analysis (GenBank reference sequences: NM_007294.3 for BRCA1 and NM_000059.3 for BRCA2).
At the Rambam and Sheba Medical Centers, mutational analyses for the three predominant Ashkenazi Jewish mutations (185delAG, 5382InsC in BRCA1 and 6174delT in BRCA2) were carried out by restriction enzyme digest of PCR products, and analysis of the digested PCR products on agarose gels, as described previously (Abeliovich et al, 1997) . For each of these three mutations, a known mutation carrier was used as a positive control in each experiment. All abnormally migrating fragments were confirmed by Sanger sequencing.
At the Princess Margaret Cancer Centre in Toronto, mutational analysis of all exons and flanking regions of the BRCA1 and BRCA2 loci was carried out at the Advanced Molecular Diagnostics Laboratory at Mount Sinai Hospital. PCR was carried out in 12 ml reaction volumes. PCR primers and conditions are available upon request. Following PCR clean-up, BigDyeTerminator Cycle Sequencing Version 3.1 (Applied Biosystems, Toronto, ON, USA) was used for sequencing reactions using 2 ml of the cleaned up PCR products and using the recommended protocol for cycle sequencing, and analysed on an ABI 3730XL Genetic Analyzer (Applied Biosystems, Toronto, ON, USA). Sequencing files were processed using SequenceAnalysis software (Applied Biosystems, Toronto, ON, USA), and assembled and analysed using Mutation Surveyor (version 4.0.7, SoftGenetics, LLC, State College, PA, USA).
In MSKCC, genetic testing was performed by either Myriad (Salt Lake City, UT, USA) genetics, or using an in-house MSKCC Ashkenazi Jewish panel (agreement with Myriad). At MDACC and University of Chicago, genetic testing was performed by Myriad, Ambry (Aliso Viejo, CA, USA) or GeneDX (Gaithersburg, MD, USA). Only patients with deleterious BRCA1/2 mutations were enrolled.
Statistical analysis. Overall Survival was defined as either the time from the date of diagnosis (imaging/biopsy/surgery in patients who did not undergo neoadjuvant treatment) to the date of death from any cause, or censored until the date of last follow-up. Disease-free survival (DFS) was defined as the time from the date of surgery to the date of recurrence (imaging or clinical evidence recurrence), or death in stage I and II patients. If a patient did not have an event, DFS was censored at the date of last follow-up.
Distributions for categorical variables were compared and analysed using the w 2 -and Fisher's exact test. The Kaplan-Meier (KM) model was used to calculate OS and DFS as a function of time. The difference between the KM curves was tested for significance with the use of the log-rank test. In order to accommodate for a potential immortal time bias sensitivity analysis including only patients who went on to receive adjuvant therapy was performed.
The effects of nodal status, vascular resection, stage, involved margins, lymphvascular involvement (LVI), perineural involvement, BRCA status, platinum treatment, and gender and age variables on DFS and OS were tested with a Cox univariate analysis. Multivariate analysis was performed with a Cox proportional hazard model. A Pvalue of 0.05 in the univariate survival analysis was adopted as the limit for inclusion in the multivariate model, and cases with missing values were excluded from this analysis. All tests were two-sided, and a Po0.05 was considered statistically significant. The SPSS statistical package (SPSS 20, SPSS, Chicago, IL, USA) was used for all statistical analyses.
RESULTS
Patient characteristics. At the outset, 30 BRCA-positive surgically resectable PDAC cases and 49 PDAC controls, diagnosed between 2004 and 2013, and matched by age, treatment and institution were identified at the six participating institutions. Of the BRCApositive cases, five were excluded from final analysis due to advanced disease at diagnosis (one patient metastatic at presentation of disease and four patients had stage III locally advanced disease at presentation and were down-staged following neoadjuvant treatment). The relevant characteristics for both groups are shown in Table 1 . Twenty-six of the 49 controls who underwent limited or extended BRCA genotyping were BRCA wild type.
Notably, 8 of the 26 controls who tested negative for GL BRCA had a familial or personal family history of BRCA-associated tumours (one had a personal history of breast or ovarian cancer and seven had family histories of breast, ovarian or PDAC). The remaining 23 controls had an unknown BRCA status but no first degree family history of breast, ovarian or PDAC.
The mean age at diagnosis for patients with BRCA-positive PDAC was 55.7 years (range, 34-78 years) and was similar to the group of PDAC controls (mean, 57.7 years; range, 41-80 years, P ¼ 0.4). In the BRCA-positive group, there were 4 BRCA1 and 21 BRCA2 mutations (the specific mutations are shown in Table 2 ). Thirteen of the 25 BRCA-positive patients tested positive for one of the founder Jewish mutations, and 19 of the BRCA-positive patients were Jewish.
Clinical and treatment characteristics. Relevant clinical and surgical characteristics are summarised in Table 3 . All analysed patients had stage I or II resectable disease at presentation. There were no significant differences in tumour location, stage, vascular resection, nodal involvement and involved margins, or other pathological characteristics between cases and controls. A relatively high percentage (16.2%) of patients underwent vascular resection; this is compatible with high-volume centres (Muller et al, 2009 ). Treatment characteristics are described in Table 4 . Neoadjuvant treatment was administered to 32% of BRCA-positive group and 28.6% of controls (P ¼ NS). In addition, 87.5% (7 out of 8) of BRCA-positive cases received a platinum-containing neoadjuvant regimen compared to 42.9% (6 out of 14) controls (P ¼ 0.074). With one patient achieving a cPR following neoadjuvant platinum-based chemotherapy (gemcitabine and oxaliplatin). The majority of patients in both groups received adjuvant therapy. However, 33% (7 out of 21) of the BRCA-positive group received platinumcontaining adjuvant regimen compared with 6.8% (3 out of 44) controls, a statistically significant difference (P ¼ 0.012). Overall, there was a significantly higher percentage of patients receiving adjuvant or neoadjuvant platinum-containing therapy in the BRCApositive group compared with the control group (40% vs 14.9%, P ¼ 0.012). Recurrence was reported among 60% and 79.6% of cases and controls, respectively (P ¼ 0.111). Upon recurrence, less than half of the study population received platinum-based chemotherapy.
DFS. All study patients had an imaging recurrence except four patients with clinical evidence of recurrence as ascertained by treating physician. Our analysis of DFS using the log-rank test revealed no significant differences between outcome for BRCApositive cases and the matched controls (P ¼ 0.303). Median DFS for the GL BRCA-positive group was 14.3 months (95% CI 11.6-17.1 months), and 12.0 months (95% CI 6.5-17.5) for the controls ( Figure 1A ). When comparing DFS in all analysed patients treated with neoadjuvant/adjuvant platinum-containing treatment, there was a trend to increased DFS among the BRCA-positive cases (n ¼ 10) compared with controls (n ¼ 7) (39.1 vs 12.4 months, P ¼ 0.255) (Figure 2A ). In the subgroup of patients receiving a non-platinum-containing agent, no differences in DFS was observed for the BRCA-positive group (n ¼ 14) in comparison with the control group (n ¼ 40) (10.1 vs 12.0 months, P ¼ 0.916) ( Figure 2B Figure 1B ). In addition, when comparing OS of all analysed patients treated with neoadjuvant/adjuvant platinum-containing treatment, no differences were observed in BRCA-positive cases (43.8 months) compared with controls (44.4 months, P ¼ 0.775) ( Figure 2C ). Similarly, in the subgroup of patients analysed not receiving a platinum-containing regimen, no differences in OS were observed between the BRCApositive compared to the control group ( Figure 2D ). Similar results were observed for platinum-treated (cases: 43.8 months vs controls: 44.4 months, P ¼ 0.914) and non-platinum-treated (cases: 36 months vs controls: 38 months, P ¼ 0.983) patients on sensitivity analysis. Only LVI involvement was significantly associated with poor OS on univariate (HR 2.19, CI 1.16-4.13, P ¼ 0.015) and multivariate (Supplementary Table 1) analyses.
DISCUSSION
In this retrospective case-control, multi-institution study, we found no differences in OS between early-stage GL BRCAassociated PDAC patients compared with matched 'sporadic' PDAC matched controls. Similarly, Ferrone et al (2009) analysed 145 Jewish Ashkenazi patients diagnosed with resectable PDAC between 1986 and 2004, 8 of whom (5.5%) were BRCA mutation carriers (2 BRCA1, 6 BRCA2), and reported no statistically significant differences in OS between carriers and non-carriers (median, 6 vs 16 months; P ¼ 0.35). These results are difficult to interpret as the study was conducted before the introduction of modern surgical techniques, improved post-operative care and Level 1 evidence for routine use of adjuvant therapy (Hartwig et al, 2013) . Several authors have reported a superior OS and response to platinum-based treatments in advanced GL BRCA-positive PDAC disease compared with historically reported data (Fogelman et al, 2011; Lowery et al, 2011) . In the largest retrospective study to date of 71 BRCA-positive PDAC cases, we reported the median OS for patients with stage 1-2 PDAC had not been reached at 60 months, while median OS for stage 3-4 was 12 months (95% CI 6-15) (Golan et al, 2014) . The more favourable prognosis in BRCA-positive PDAC that was previously reported, including our prior series, may be due to an ascertainment bias. The patients who were selected for genetic testing during the study period (2004-2013) were more likely 'outliers' with durable responses in advanced disease. These retrospective studies with limited data sets and no comparison arm were the first to identify BRCA carriers as a subset of the PDAC population, illustrating a favourable clinical response to platinum agents or PARPi, thus supporting the hypothesis that BRCA-positive PDAC may be a predictive biomarker for platinum/ PARPi treatments. In order to better investigate the prognostic value of BRCA-positive PDAC, we specifically chose early-stage disease in a case-matched study.
The main drawbacks to the study are the retrospective nature of the data and the difficulty of eliminating bias in the case-control design. The population size is limited and insufficiently powered to report on the differential efficacy between platinum-treated BRCApositive vs sporadic cases. Nevertheless, this was an extensive multi-institutional international effort, stressing the challenge in assembly a large cohort of these relatively rare patients. The superior median OS for both controls and cases in comparison to historic controls (Oettle et al, 2013 ) is notable and may be due to the young age of our cohort (Worni et al, 2013) , advances in standard of care therapy, as well as the fact that participating institutions are high-volume tertiary academic hospitals.
We observed a similar OS among BRCA-positive and sporadic cases treated with neoadjuvant/adjuvant platinum-containing regimens. DFS in patients receiving platinum-based treatment was 40.3 months for cases vs 12.4 months for controls (P ¼ 0.233). While not reaching statistical significance, the apparent increased DFS among BRCA-positive subjects treated with platinum compounds is in line with our previous findings (Golan et al, 2014) . The lack of statistically significant differences in both OS and DFS in the current study population may be attributed to the limited number of patients enrolled in the study: only 17 patients in our study were treated with neoadjuvant or adjuvant platinum, as determined by institution-based protocols (MDACC recruits the majority of their patients in neoadjuvant/adjuvant protocols). Notably, exposure to platinum (cisplatinum or oxaliplatinum) varied considerably, from several weeks to months. The majority of our patients cases/controls did not receive platinum-based chemotherapies at advanced disease as the study population was collected before the era of newer combinatorial treatment protocols (Conroy et al, 2011) .
In conclusion, in this case-control study, we did not identify BRCA mutations as a prognostic factor in early-stage PDAC. Current guidelines recommend considering platinum-based treatments for advanced-stage BRCA-positive PDAC (2016), however, it is unclear whether BRCA carriers should be offered platinumbased neoadjuvant or adjuvant chemotherapy. Preliminary results have recently been reported with PARP inhibition in BRCA-mutant PDAC, supporting the mutation's predictive role (Kaufman et al, 2015) . Based on our limited data set, we believe that neoadjuvant or adjuvant platinum-based therapy may be worth considering in earlystage PDAC, however prospective studies are required to more clearly address this question for this population.
